Abstract: Extracellular vesicles (EV) and their tumor-supporting cargos provide a promising translational potential in liquid biopsies for risk assessment of epithelial ovarian cancer (EOC) patients frequently relapsing, despite initial complete therapy responses. As the immune checkpoint molecule HLA-G, which is operative in immune-escape, can be released by EV, we evaluate the abundance of EV and its vesicular-bound amount of HLA-G (HLA-G EV ) as a biomarker in EOC. After enrichment of EV from plasma samples, we determined the EV particle number and amount of HLA-G EV by nanoparticle tracking analysis or ELISA. The association of results with the clinical status/outcome revealed that both, EV particle number and HLA-G EV were significantly elevated in EOC patients, compared to healthy females. However, elevated levels of HLA-G EV , but not EV numbers, were exclusively associated with a disadvantageous clinical status/outcome, including residual tumor, presence of circulating tumor cells, and disease progression. High HLA-G EV status was an independent predictor of progression, besides residual tumor burden and platinum-sensitivity. Especially among patients without residual tumor burden or with platinum-sensitivity, HLA-G EV identified patients with high risk of progression. Thus, this study highlights HLA-G EV as a potential novel biomarker for risk assessment of EOC patients with a rather beneficial prognosis defined by platinum-sensitivity or lack of residual tumor burden.
Introduction
Epithelial ovarian cancer (EOC) is the most lethal gynecologic malignancy [1] . According to the International Federation of Gynecology and Obstetrics (FIGO), it is classified into four surgical stages considering the extent of ovary affection and the extent of spreading outside the ovaries and outside the pelvis [1] . Primary treatment of EOC consists of cytoreductive surgery followed by adjuvant, platinum-based chemotherapy. Although initially responding to the primary treatment, tumor regrowth with a drug-resistant phenotype is frequent, resulting in an impaired overall survival [2] . Biomarkers predicting therapy response and prognosis in EOC are, therefore, desperately needed. In this context, circulating tumor cells (CTC) in the peripheral blood of EOC patients have been studied extensively, and their prognostic significance has been clearly shown [3] . However, although CTC have been well characterized in EOC patients [4, 5] , it seems that they preferentially interact with other components for four healthy controls (HC) and four EOC patients ( Figure 1A ). All preparations showed the typical EV marker profile. Additionally, NTA measurements showed a size distribution (mean ± SD nm) of 125.6 ± 9.2 for EV detected in EOC patients and 123.5 ± 8.1 for HC ( Figure 1B ), which corresponds to the known size of EV, ranging between 30-150 nm [13] . Both the EV marker analysis and the NTA results indicate that ExoQuick™ precipitation successfully enriched EV from the plasma samples.
Figure 1. Comparison between extracellular vesicle (EV) preparations derived from plasma of epithelial ovarian cancer (EOC) patients and of healthy controls (HC). (A)
Representative EV marker expression analysis for CD63, Tsg101, syntenin, and Cytochrome C in EV preparations from EOC patients (1) (2) (3) (4) and four HC (5) (6) (7) (8) . Cell lysate of HEK G1 cells served as control. Detailed information can be found in Figure S1 . (B) EV size analysis determined by nanoparticle tracking analysis revealed that EV size is similar in both HC and EOC patients. The mean ± SD is given. (C) The EV amount was determined by NTA and showed that EOC patients harbor significantly higher amounts of EV, compared to HC. (D,E) Stratification of EV amount with regards to the International Federation of Gynecology and Obstetrics (FIGO) staging and presence of circulating tumor cells (CTC) showed enhanced EV amounts among all FIGO stages and irrespective of CTC status compared to HC. Given is the median with range. Statistical significance was tested by Mann-Whitney test (B,C) and Kruskal-Wallis test (D,E), p < 0.05. n.s., not significant. Triangular symbols represent healthy controls, while round circular symbols illustrate EOC patients.
Elevated Levels of Extracellular Vesicles in Serous EOC Patients
Levels of EV (median [range] 10 9 /mL) were determined in plasma samples from EOC patients (n = 70) and compared to those of HC (n = 30) by NTA ( Figure 1C ). EV particle concentration in EOC samples (1100 [280-3200]) was more than 10-fold elevated, compared to HC ((106.8 [14.3-289] ), p < 0.0001). Stratification of patients according to FIGO staging revealed that EV levels were significantly elevated compared to HC (FIGO I-II ((930 [450-3200]), p = 0.0001; FIGO III (1050 [280-2500]), p < 0.0001; FIGO IV (1200 [480-3100]), p < 0.0001) independent of the extent of disease ( Figure 1D ). Further, EV levels were significantly elevated in both, patients without CTC before therapy ((1150 [280-3200]), p < 0.0001) and patients with CTC before therapy ((1100 [610-3100]), p < 0.0001), compared to HC ( Figure 1E ), whereas the particle number did not differ between patients with and without CTC. Regarding CTC-subtypes, EV particle number was neither associated with EpCAM 
Increased Levels of HLA-G EV in Serous EOC Patients
To further characterize the EV in EOC patients, we quantified HLA-G EV (median [range] ng/mL; Table 1 ) in plasma samples of serous EOC patients (n = 78) and compared the amounts to the HLA-G EV levels of 30 HC. Consistent with the total particle concentration, the median HLA-G EV levels of EOC patients (14.3 [2.9-60.4]) were more than 7-fold increased, compared to HC (1.9 [0.0-25.0]; see Figure 2A ). Of note, in 6 out of 30 (20%) HC, no HLA-G EV could be detected, whereas all EOC patients revealed substantial amounts of detectable HLA-G EV (p < 0.00001). However, particle concentrations did not correlate with HLA-G EV levels (r = −0.06; p = 0.507, n = 69). 
Elevated Levels of HLA-G EV Associate with a Detrimental Clinical Profile of Serous EOC Patients
Regarding FIGO staging, HLA-G EV levels in EOC patients with early FIGO staging (FIGO I-II) were not significantly elevated ( Figure 3C ).
HLA-G EV Status as a Prognostic Marker for the Prediction of Disease Progression in EOC Patients
Receiver operating curve analysis was used to define the optimal cut-off value for risk assessment regarding disease progression in EOC patients. Using the obtained cut-off value of 18.45 ng/mL HLA-G EV (sensitivity: 46.9%, specificity: 77.8%), n = 30 patients were identified with levels higher than 18.45 ng/mL, whereas n = 48 patients had lower levels. Kaplan-Meier curve analysis combined with log-rank test showed that EOC patients with HLA-G EV status > 18.45 ng/mL had a significantly (p = 0.029) reduced 3-year progression-free survival (PFS) with a median PFS time of 15 ± 2.5 months (HR: 1.8, 95% CI: 1.1-3.6), compared to EOC patients with a low HLA-G EV status with a median PFS time of 29 ± 7.1 months ( Figure 4A ). Multivariate analysis, including metastasis and nodal status, presence of CTC before therapy, residual tumor burden, platinum therapy sensitivity, and HLA-G EV level status, was performed. Strikingly, platinum therapy sensitivity (p < 0.0001 and p < 0.0001), residual tumor burden (p = 0.023 and p = 0.011), and elevated HLA-G EV (p = 0.029 and p = 0.006) were shown to be independent prognostic factors for both 3-year and 10-year PFS, respectively, whereas presence of CTC before therapy did not reach significance (p = 0.101 and p = 0.08; Table 2 ). Analogous univariate and multivariate evaluations of the OS revealed no association with HLA-G EV status. As response to platinum therapy and the residual tumor burden are critical factors for the prediction of disease progression, we further stratified the patients according to these parameters. For patients sensitive to platinum therapy (n = 51), Kaplan-Meier analysis showed that high HLA-G EV status was significantly (p = 0.027) associated with a reduced 3-year PFS, with a median PFS of 23 ± 9 months (HR: 2.3, 95% CI: 1.1-6.5), compared to a low level status with an undefined PFS time ( Figure 4B) . Similarly, EOC patients with no residual tumor burden (n = 37) and high levels status (n = 9) exhibited a reduced 3-year PFS (HR: 2.5, 95% CI: 1.1-9.3, p = 0.04, Figure S2 ).
For the long-term observation of disease progression of patients with no residual tumor burden, it became evident that a high status was significantly (p = 0.018) associated with an inferior 10-year PFS, with a median survival time of 27 ± 13.4 month (HR: 2.7, 95% CI: 1.3-10.1; Figure 5 ), compared to a low status of vesicular-bound HLA-G with a median survival time of 68 ± 25.6 months. Of note, all patients with high HLA-G EV (n = 9) status experienced disease progression within approximately 5 years after primary diagnosis. Concerning patients resistant to platinum therapy or patients with a residual tumor, an association with HLA-G EV levels was found in neither of the univariate or multivariate analyses. Thus, HLA-G EV status seems to be a promising factor for the prediction of disease recurrence, in particular for patients considered as low risk patients for disease progression due to their sensitivity to platinum therapy and lack of residual tumor.
Discussion
EV provide a promising translational potential in the context of malignancies. Both the rate of EV release, as well as the EV-mediated transfer of different cargos, represent novel strategies for disease monitoring [20] . Although the immune checkpoint molecule HLA-G has been associated with cancer invasiveness and metastatic spread in various malignant diseases [35, 36] , we were not able to correlate the total amount of sHLA-G to the clinical status or outcome of EOC patients in a previous study [33] . Of note, sHLA-G can also be released by EV, which has been proposed to play an important role in the immune-tolerance mechanisms in different malignant diseases [22] . Thus, we hypothesized that overall EV abundance, as well as amounts of vesicular-bound HLA-G, reflects the disease status and outcome of EOC patients. In our study, we could demonstrate that (i) levels of plasma EV in EOC patients were elevated more than 10-fold, compared to HC, (ii) levels of HLA-G EV were more than 7-fold increased in EOC patients, compared to HC, (iii) elevated HLA-G EV levels were associated with an inferior clinical status and outcome regarding residual tumor, presence of CTC, and PFS, that (iv) HLA-G EV status served as an independent marker for risk assessment of disease progression, and, lastly, (v) among patients without residual tumor burden or with platinum-sensitivity, HLA-G EV identified patients with a high risk of progression.
The characterization of EV enriched from EOC patient samples was performed according to the current recommendations [34] . We detected the tetraspanin-specific marker CD63, as well as the escort complex associated markers Tsg101 and Syntenin, in all EV preparations. Varying amounts might be due to the different composition of EV sources, which is in concordance with previous studies [6, 21] . Cellular contamination was excluded by the intercellular protein cytochrome C, which was not detected in the EV preparations.
Although a clear discrimination between physiological and pathological EV serum levels could be obtained, increased EV levels were independent of the FIGO staging or the CTC status and, thus, cannot be used to discriminate the clinical profile of EOC patients.
Stratification of EV regarding their HLA-G content revealed that HLA-G EV could not be detected at all in some healthy donors, whereas levels increased with advanced cancer stages in EOC. This suggests an association between the amount of HLA-G EV and the tumor burden. Neo-ectopic expression of HLA-G as a vesicular form can be considered as a critical factor for cancer progression. Indeed, patients with high levels of HLA-G EV had a reduced PFS, pointing to the notion that HLA-G-bearing EV facilitate or support tumor escape from the immune system. This concept is further supported by the association of HLA-G and CTC status before therapy: Levels of HLA-G EV were elevated in patients positive for CTC, compared to patients without CTC. As CTC are malignant cells released by tumor tissues undergoing epithelial-mesenchymal transition, while EV are released by both malignant and nonmalignant cells, EV signals may originate not only from the tumor-derived EV, but also from EV secreted by other cells, such as immune cells [19] . Similarly, it has already been demonstrated that soluble HLA-G can be derived from different cell sources [37, 38] . Of note, CTC themselves exploit a large variety of immune-escape mechanisms, including aberrant expression of immune checkpoint molecules (e.g., FASL or PD-L1) [39] . HLA-G bearing EV derived from renal cancer stem-cells were shown to induce the inhibition of dendritic cell differentiation, thereby modifying immune responses towards tumor cells [40] . Independent of the source of vesicular HLA-G, the presence of HLA-G seems to render (tumor) cells immunologically invisible by transducing inhibitory signals towards effector cells promoting cancer progression. Interestingly, we determined an association between high HLA-G EV levels and MUC or EpCAM positive CTC, both being related to poor clinical outcomes in malignancies [41] [42] [43] . Thus, presence of CTC and HLA-G EV might represent different manifestations of the same phenomenon, suggesting a more 'immunosuppressive' subtype of EOC, which is clinically present with higher stages. Nevertheless, this observation should be validated in a cohort encompassing more CTC positive EOC patients. Concerning immunotherapeutic approaches to eliminate single tumor cells in blood and bone marrow, we have been able to show that the application of the intraperitoneal trifunctional bispecific antibody catumaxumab was successful in advanced EOC [44] . For HLA-G EV it would be desirable to develop therapeutic options, either preventing release of HLA-G bearing EV or neutralizing functionality of HLA-G by, for example, receptor blockade.
Although HLA-G EV status does not have a prognostic relevance for patients resistant to platinum therapy, it allows discrimination of patients responding to platinum therapy: Patients with higher levels of HLA-G EV had an inferior PFS, compared to patients with lower levels, suggesting that HLA-G EV might act as a mediator of tumor recurrence despite initial treatment response.
In addition, besides platinum sensitivity, residual tumor burden after primary debulking surgery is one of the most important prognostic factors in EOC [44] . Nevertheless, despite macroscopic complete tumor resection, patients experienced disease recurrence within three years in our cohort. According to our results, stratification of these patients based on the HLA-G EV status might help to identify patients at risk for disease progression. Indeed, the HLA-G EV status was found to be an independent predictive parameter besides platinum sensitivity and presence of CTC before therapy.
Although our study had several limitations, mostly due to the small sample size and its retrospective nature, the clinical relevance of our findings is especially of interest for patients with a rather good prognosis, as defined by sensitivity to platinum therapy and/or no residual tumor burden. As of now, prediction of post-operative outcome is still difficult and clinical examination, as well as imaging techniques, still do not allow for a sufficient prediction of disease recurrence. Thus, risk assessment with additional parameters and novel individualized therapy concepts are urgently needed for patients with a rather good prognosis. Here, HLA-G EV might be a promising candidate as a biomarker easily accessible through liquid biopsy, guiding the development and establishment of individualized therapy concepts. Nevertheless, further research will have to elucidate the prognostic significance of HLA-G EV status and its possible role as a prognostic and predictive biomarker in EOC.
Materials and Methods

Patient Characteristics
Our cohort consisted of 78 patients diagnosed with histologically confirmed EOC between 2001 and 2014 at the Department of Gynecology and Obstetrics, University Hospital Essen. Tumor classification followed the WHO classification of tumors of the female genital tract. Grading was conducted using the grading system proposed by Silverberg and tumor staging was classified according to the Fédération Internationale de Gynécology et d'Obstétrique (FIGO). All patients underwent primary radical surgery including abdominal hysterectomy, bilateral salpingo-oophorectomy, infragastric omentectomy, peritoneal stripping, and systematic pelvic and paraaortic lymphadenectomy, if indicated. All patients received at least six cycles of carboplatinum AUC 5 and paclitaxel 175 mg/m 2 . Tumors were defined as platinum-resistant if they recurred within six months after the completion of the adjuvant platinum treatment. Any macroscopic residual disease at the end of primary surgery was defined as 'residual tumor'. Inclusion criteria were: Histologically confirmed EOC, primary radical surgery, platinum-based chemotherapy, and availability of serum-samples and follow-up information. All patients from the selected time period who met these criteria were included. Chemotherapy was administered post-operatively in all patients during this period. Clinical characteristics of the patients are documented in Table 1 . A total of 30 healthy female donors served as controls. Written informed consent was obtained by all participants and the study was approved by the Local Ethics Committee (Essen 05-2870 and 17-7859) and was performed according to the declaration of Helsinki. Patient characteristics at time of primary diagnosis are summarized in Table 1 .
Sampling of Blood
At the time of primary diagnosis, prior to surgery, 10 mL ethylenediaminetetraacetic (EDTA) blood was collected for isolation of CTCs before the application of therapeutic substances with an S-Monovette (Sarstedt AG & Co., Nürnbrecht, Germany) and stored at 4 • C until further examination. The samples were processed within 4 h after blood collection.
Selection, Detection and Evaluation of CTCs
AdnaTest OvarianCancer (QIAGEN, Hilden, Germany) was employed for enrichment of CTCs and subsequent expression analysis. This test has been described in detail [4, 45] .
Isolation of Extracellular Vesicles
Plasmatic extracellular vesicles were isolated using ExoQuick™ (SBI Systems Bioscience Inc., Mountain View, VA, USA), as described previously [21] .
EV Characterization by Western Blot
EV characterization by SDS-PAGE and western blot analysis was performed as previously described [21] . ExoQuick™ reagent was removed from EV suspensions by PD SpinTap G-25 (GE Healthcare, Freiburg, Germany) prior to SDS-PAGE and western blotting. EV suspensions (15 µg) from four healthy controls and from four EOC patients were analyzed. Cell lysate derived from HEK G1 cells (10 µg) served as control.
Nanoparticle Tracking Analysis
Particle number and size were analyzed using the ZetaView Laser Scattering Video Microscope (Particle Metrix GmbH, Meerbusch, Germany) and its corresponding software (version 8.03.08.02), as previously described [46] .
Quantification of Soluble HLA-G Components
Soluble HLA-G was quantified, as previously described [21, 47] . EV suspensions were used in a dilution of 1:2 in PBS and purified HLA-G1 [48] served as standard reagent. Soluble HLA-G levels were determined by four-parameter curve fitting. ELISA detection limit of HLA-G was 0.25 ng/mL. HLA-G concentration in EV fractions was considered as HLA-G EV .
Statistical Analysis
Statistical analysis was performed using SPSS 22.0 (SPSS Inc., Chicago, IL, USA) and the GraphPad Prism V6.0 software (GraphPad Software, San Diego, CA, USA). Except for particle size (mean ± SD), all metric parameters were given as median and range. After testing for Gaussian distribution, data sets were analyzed using either the Mann-Whitney test or the Kruskal-Wallis test with Dunn's correction for multiple comparison. Receiver operating curve (ROC) analysis was performed to obtain a cut-off value in terms of sensitivity and specificity, using the BIAS 10.02 software program (http://www.biasonline.de/) for categorization of HLA-G EV status. Progression-free survival (PFS) analyses were assessed by the method of Kaplan-Meier and compared using log-rank test, implemented in the R package survminer (version 0.4.0; https://CRAN.R-project.or/package=survminer). Starting points were time point of diagnosis (blood collection) and endpoint was progress or relapse of EOC disease (therapy requirement). Multivariate Cox regression according to proportional hazards assumption was used to assess the risk of progression.
Conclusions
In conclusion, our study highlights that a certain subset of EV with HLA-G EV , but not the abundance of total EV, offer great clinical and prognostic potential in EOC patients. The molecular characterization of these EV will provide substantial information regarding course of disease and may facilitate individual patient risk management with novel therapy concepts in EOC patients; especially in patients with a rather good prognosis, as defined by sensitivity to platinum therapy or no residual tumor burden. Funding: We acknowledge support by the Open Access Publication Fund of the University of Duisburg-Essen.
